ABSTRACT: A better understanding of bedrock incision mechanisms and processes is essential to the study of long-term landscape evolution. Yet, little is known about flow dynamics in bedrock rivers, limiting our ability to make realistic predictions of local bedrock incision rates. A recent investigation of flow through bedrock canyons of the Fraser River revealed that plunging flows, defined by the downward-directed movement of near surface flow toward the channel bed, occur in channels that have low width-to-depth ratios. Plunging flows occur into deep scour pools, which are often coincident with lateral constrictions and channel spanning submerged ridges (sills). A phenomenological investigation was undertaken to reproduce the flow fields observed in the Fraser canyons and to explore morphological controls on the occurrence and relative strength of plunging flow in bedrock canyons. Our observations show that the plunging flow structure can be produced along a scour pool entrance slope by accelerating the flow at the canyon entrance either over submerged sills or through lateral constrictions. Plunging flow appears to be a function of convective deceleration into a scour pool which can be enhanced by sill height, the amount of the channel width that is constricted, pool entrance slope, discharge, and a reduction in channel width-to-depth ratio. Plunging flow greatly enhances the potential for incision to occur along the channel bed and is an extreme departure from the assumptions of steady, uniform flow in bedrock incision models, highlighting the need for improved formulations that account for fluid flow.
Introduction
Incision in bedrock rivers plays an important role in landscape evolution (Whipple et al., 2013) . There has been a substantial effort to advance our understanding of landscape evolution using numerical models that link the interactions among channel incision, topography, tectonics, and climate (Kirkby, 1986; Willgoose et al., 1991; Howard, 1994; Slingerland, 1994, 1997; Braun and Sambridge, 1997; Tucker and Bras, 1998; Willett, 1999; Tucker et al., 2001a Tucker et al., , 2001b Coulthard et al., 2002) . These models integrate our understanding of bedrock channel incision with other geomorphic processes to predict the evolution of landscapes over geologic time scales. The current generation of landscape evolution models do not directly model flow in channels, but instead predict bedrock incision using the stream power model (Howard and Kerby, 1983) . Incision rates are assumed to be some function of flow, parameterized as a function of the contributing basin area, which controls discharge and channel slope. However, mechanistic models of bedrock incision have emerged in the past 20 years and directly coupled models of flow, sediment transport processes and incision are possible.
The principal processes of bedrock erosion are abrasion by bedload and suspended load and plucking of bedrock blocks, which can be initially fractured by impacting sediments (Chatanantavet and Parker, 2009) . Several incision models have been developed to quantify and predict bedrock incision rates by these processes, including the (1) saltation-abrasion model (Sklar and Dietrich, 2004) , (2) total load erosion model (Lamb et al., 2008) , (3) abrasion, plucking, and macroabrasion model (Chatanantavet and Parker, 2009) , and (4) plucking model (Lamb et al., 2015; Larsen and Lamb, 2016) . In these mechanistic incision models, simplifications of the reach-scale fluid stresses acting along the channel boundary are made using either the depth-slope product (Sklar and Dietrich, 2004; Chatanantavet and Parker, 2009) or the law of the wall (Lamb et al., 2008) . Both parameterizations of the shear stress assume steady, uniform flow conditions. There has been some recent effort to more accurately represent the distribution of shear stress across bedrock channel cross-sections using rayisovel models (Wobus et al., 2008; DiBiase and Whipple, 2011; Nelson and Seminara, 2011) , and 2D hydrodynamic models have been coupled with the saltation-abrasion (Lai et al., 2011) and plucking models (Larsen and Lamb, 2016) . While these efforts are certainly improvements on the steady uniform flow approximations commonly used with incision models, none of these models have been tested against observations of flow patterns in bedrock rivers, limiting our ability to accurately quantify incision rates and simulate landscape evolution. Venditti et al. (2014) provided the first 3-dimensional observations of the flow structure in bedrock canyons using acoustic Doppler profilers. In canyons that are laterally constrained and had low width-to-depth ratios, they observed a velocity inversion where a high-velocity core developed at the canyon entrance, plunged below the water surface, followed the channel bed down into a scour pool, and ultimately dissipated downstream. Within the narrow canyons, the inversion was often, but not always, associated with either lateral constrictions or sills (a submerged ridge across the channel). Venditti et al. (2014) showed that the downward-directed high-velocity core was compensated by upwelling of highly turbulent, lowvelocity fluid along the canyon walls in the form of intermittent coherent flow structures that formed boils at the water surface. They hypothesized that this upwelling reduces near-bed dynamic pressure and draws the higher-velocity flow entering the canyons to advect along the bed, creating a positive feedback in which the high-velocity fluid near the bed contributes to intense upwelling along the walls. Venditti et al. (2014) suggested that the initiation of the plunging flow structure is caused by the acceleration of flow through a lateral constriction. They further hypothesized that the high shear stresses associated with the velocity inversion force a canyon to deepen until reaching morphodynamic equilibrium with the near-bed flow and the sediment transport responsible for incision. This suggestion is consistent with the views of several researchers (Hancock et al., 1998; Finnegan et al., 2005; Attal et al., 2008) who suggested that enhancement of erosion along the bed occurs where channels narrow and become steeper, with an accompanying increase in flow velocities relative to upstream and downstream flow.
The observations of Venditti et al. (2014) suggest that steady, uniform flow conditions included in the current generation of mechanistic bedrock incision models do not adequately represent the flow in bedrock canyons. The plunging high-velocity core observed in bedrock canyons enhances boundary shear stresses by drawing high-velocity fluid and sediment toward the bed. A more complete representation of the flow processes operating along channel boundaries is required for more realistic application of bedrock incision models. At the scale of landscape evolution, a suitable generalization of flow processes must be adopted; however, this generalization must be consistent with our observations at the process scale.
There are no direct analogues to the plunging flow structures observed by Venditti et al. (2014) and the processes governing plunging flows in canyons are not presently clear. However, there are similar engineered flows, such as supercritical flow over a broad-crested weir that plunge below the water surface downstream of the weir (Escande, 1939; Wu and Rajaratnam, 1996; Fritz and Hager, 1998; Leutheusser and Fan, 2001; Kabiri-Samani et al., 2010; Wang et al., 2010) . There is also a phenomenon known as 'choke flow' in hydraulic engineering, where flow is purposely super-elevated upstream of a constriction so that it becomes supercritical through the constriction and plunges below the water surface as an impinging jet. However the flows observed by Venditti et al. (2014) are always subcritical, even at high flow, so the relation between these flows and plunging flows in bedrock canyons is not clear. Analogues may also be drawn to flow through pool-riffle sequences where at high flows larger near-bed velocities have been observed in the pool than in the riffle (Keller, 1971) . However, the plunging flow described by Venditti et al. (2014) has not been previously documented in pool-riffle sequences.
The potential similarity between the supercritical plunging flows described in classical hydraulics literature, alluvial pool-riffle flow and the plunging flow observed in the Fraser canyons warrants investigation of the morphological controls on the initiation and relative strength of velocity inversions. The association between plunging flows and constrictions or sills in the Fraser canyons prompted us to explore the hypothesis that this morphology could produce plunging flow into pools. We carried out a phenomenological study of the occurrence and strength of plunging flow in a controlled laboratory experiment in which we vertically or laterally constrained the flow to determine how acceleration of flow immediately upstream of a scour pool affects the occurrence and strength of velocity inversions. Our objective was to determine how sill heights, lateral constrictions, scour pool entrance slopes, width-to-depth ratios and discharge affect the occurrence and strength of velocity inversions.
Field Prototype
In order to reproduce the plunging flow observed in the Fraser canyons, a simple physical model was constructed based on Iron Canyon, which is known to exhibit strong velocity inversions (Venditti et al., 2014;  Figure 1 ). Iron Canyon is located 5 km upstream of the Fraser and Chilcotin Rivers confluence, and consists of a vertical-walled bedrock channel, perennially wetted across its width. Iron Canyon is approximately 1700 m long with alluvial reaches upstream and downstream. Mean canyon width is 80 m, roughly half the width of the alluvial reaches upstream and downstream of the canyon (Figure 1 (a)). Iron Canyon has an overall bed slope of 1.1% and the bed consists of a series of deep scour pools (Figure 1 (b) and (c)). Entrance bed slopes of scour pools range between 5°( 9%) and 14°(26%). Pools coincide with narrowing of the canyon (Figure 1(d) ). Lateral constrictions ranged between 29% and 51% of the canyon width immediately upstream of the scour pool (Figure 1(d)) .
Observations made at low flow in 2009 show that the depth of Iron Canyon ranged between 5 m and 35 m, and streamwise flow velocities reached 3.5 m s À1 (Figure 1(b) ). The horizontal and vertical flow structure in Iron Canyon is dominated by a plunging flow structure and velocity inversions at the entrance of each scour pool, drawing high-velocity fluid down towards the channel bed (Figure 1(b) ). The greatest velocities were located in the plunging high-velocity core along scour pool entrance slopes. The velocity inversions are coupled with downward-directed flow along the scour pool entrance slopes (Figure 1(c) ) and there is no upstream directed flow along the bed that would signify the inversion is in fact a vertical recirculation cell analogous to those formed in the lee of a negative step.
Our prototype is a section of Iron Canyon roughly 500 m downstream from the canyon entrance (Figure 1(a) ) where depth increased from 10.0 m (d 1 ) at the top of the entrance slope to 16.5 m (d 2 ) in the scour pool (Figure 1(b) ) and 51% of the channel width is constricted relative to immediately upstream (Figure 1(d) ). Geometric and flow properties of the prototype are provided in Table I . This site was selected as the prototype because a strong inversion was observed along the scour pool entrance slope and the flow was laterally constrained. During the 2009 observations, the Froude number (F r = V / ffiffiffiffiffi ffi gd p ; g is gravitational acceleration, d is flow depth, V is the mean velocity) upstream of the constriction was 0.23, at the constriction it was 0.30, and in the scour pool it was 0.09. Flow in Iron Canyon remains subcritical, even at high flows because the flows are so deep relative to the flow velocities.
to accommodate different constructed channel bed widths (Figure 2(a) and (b) ). The head box exit was fitted with a series of metal grates and a 4 cm wide polypropylene fiber filter to diffuse turbulence. A sharp-crested weir at the downstream end of the flume controlled the flow depth. A variable speed pump controlled flow rate.
The channel bed was comprised of a 210 cm long entrance section, a 150 cm long canyon scour hole and a 120 cm long outlet section (Figure 2(c) ). Flow was perturbed at the entrance to the canyon pool using vertical convex sills (Figure 2(d) ) or lateral convex constrictions (Figure 2 (e) and (f)), which occupied a downstream length of 10 cm. Channel bed morphologies with different scour pool entrance slopes were carved into C-200 polystyrene rigid styrofoam insulation using a hotwire cutter. The bed was roughened with~0.5 mm sand fixed to the bed with a light coat of paint.
Scaling
Our goal was to reproduce the plunging flow structure observed in the Fraser canyons (Venditti et al., 2014;  Figure 1) , and once generated, to systematically examine the conditions that cause flow to plunge. As such our experimental design was iterative and we tried a number of different designs to produce plunging flows. We treat the entire flume as a canyon that was then vertically or laterally constricted at the upstream end of a scour pool within the canyon. We started our experiments with a fully Froude scaled model following the methods in Yalin (1971) based on the first pool in Iron Canyon that produced a velocity inversion (Figure 1 ). Geometrically, the ratio of the pool depth to the approach depth (d 2 /d 1 ) was 1.65 in Iron Canyon. We maintained this depth ratio in the experiments and entrance and outlet water depths (d 1 and d 3 , respectively) were set to~8 cm. The pool level was 5 cm below the entrance and outlet giving a pool flow depth of (d 2 ) of~13 cm. Scour pool entrance slopes of 5°, 10°and 15°were used, which covers the range of entrance slopes observed in Iron Canyon. The flume slope was also initially matched to the water surface slope in Iron Canyon. However, formal Froude scaling of the model to the field prototype indicated an approach velocity of~0.2 m s À1 , which was observed to be~50% of the velocity needed to produce plunging flow phenomena. Furthermore, plunging flows could not be produced with lower regime conditions when the flume slope was set to the water surface slope of the field prototype.
So we abandoned formal Froude scaling in favor of a phenomenological approach to the experiments, guided by the principles outlined in Paola et al. (2009) , who has suggested that although dimensionless scaling of experiments may not be achieved, experiments may be 'unreasonably effective' at reproducing the kinematics and spatial structure of Earth surface processes. We maintained the geometric scaling (d 2 /d 1~1 .65) and ensured that flows were fully turbulent in terms of the Reynolds number (Table I ; R e = dV =ν; v is kinematic viscosity). However, we relaxed the Froude scaling and instead simply ensured that the entrance velocity to the experimental canyon produced a subcritical flow condition. The flume slope was reduced to 0.35% in the sill runs and 0.9% in the constriction runs. Water surface slope and the Froude number over sills and through the constrictions is an emergent property of the experiments.
Experimental procedure
For both the constrictions and sills, a reference condition was established where the flow was uniform at the entrance and exit of the model canyon (d 1 = d 3 ) and d 2 /d 1 = 1.65, the geometric scaling observed in the field prototype. This produced flows that were non-uniform through constrictions and over sills and into the pool. For the sills, the reference condition (Run S0) was established without a sill and a pool entrance slope of 15°by adjusting weir height and discharge. The flume slope was set to 0.35%, substantially less than in the field prototype because larger slopes produced strong surface waves. Plunging flow did not occur in the reference condition but introduction of a sill did induce plunging flow with the same setup.
For the constrictions, the reference condition that gave d 1 / d 2 = 1.65 and d 1 = d 3 was established using a 35% constriction of channel width and a 15°pool entrance slope. These conditions produced plunging flow. Subsequent runs incrementally increased (40%, 50%) and decreased (20%, 30%) the 
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constriction to include the range of constricted widths in Iron Canyon and to examine effects of constriction on occurrence and strength of plunging flow. The constrictions were tested under the same hydraulic conditions as the 35% reference case with a fixed flume slope (0.9%), substantially closer to the field prototype slope. Tables II and III summarize the canyon geometry, sill and constriction characteristics and imposed discharges used for the experimental runs. We varied the sill height from no sill to 18%, 21%, 25%, and 28% of the entrance flow depth using an entrance slope of 15°, a discharge of 4.7 L s À1 and a 10 cm wide channel (Table II) . Further tests using sills were not undertaken because the flows over the sills were consistently supercritical, a condition not observed in the field prototype. We varied the constrictions so that they occupied 20%, 30%, 35%, 40% and 50% of the channel width with scour pool entrance slopes of 5°, 10°, and 15°using a fixed discharge of 3 L s À1 and a channel width of 10 cm. We explored the effect of width-to-depth ratio by comparing the occurrence and strength of inversions in the 10 cm wide channel using 3 L s À1 with those in a 20 cm wide channel using 6 L s À1 (constant discharge per unit width), a fixed entrance slope of 10°and all constriction widths. We also explored the effect of discharge on plunging flow using discharges of 3 L s À1 and 6 L s À1 I in the 20 cm wide channel with a fixed entrance slope of 10°and all constriction widths.
Three trials were conducted for each run to identify the level of variation between individual runs and determine if plunging flow was reproducible. For each run, 0.1 mL of rhodamine dye was injected using a syringe 5 cm upstream of the constriction or sill and approximately 1 cm below the water surface. A total of nine photographs were taken for each run at 3 frames per second to capture dye diffusion into the scour pool. Pump frequency was set to produce constant discharges and flow velocities were calculated upstream of the constriction (V 1 ), over the sill above sill crests or through constrictions (V c ), in the pool (V 2 ) and downstream of the pool (V 3 ) using depth readings every 0.1 m along the channel length. This permitted calculation of local Froude numbers with the corresponding velocity and depth.
Data analysis
MatLab and Analyzing Digital Images (Pickle and Kirtley, 2003) software were used to extract the coloured dye component from the images and derive profiles of relative dye concentration from the processed images (Figure 3 ). Dye profiles illustrate the dye colour intensity at pixel-scale. Dye profiles were produced by averaging among the three experimental replicates within the full depth of flow and at 5 cm increments from the injection point up to 66 cm downstream of the step, depending on the length of the entrance slope. Profiles reflect the vertical displacement of dye between the injection point and entry into the scour pool. If the dye followed along the water surface upon entry to the pool, there was no velocity inversion. However, if the dye descended towards the bed upon entry to the pool, then we judged a velocity inversion to occur. Here, the strength of inversion for each dye profile is defined by the relative depth where the maximum dye concentration occurs and is based on a series of images that followed the leading edge of the dye being advected by the flow.
The strength of the inversion is assessed by examining how far below the water surface the maximum dye concentration occurred. The goal was to find the maximum extent of the inversion which could occur at any downstream distance from the constriction. This always occurred above the entrance slope or in the upstream end of the pool. The depth of the inversion could have been measured at fixed distances from the pool Variable definitions as in entrance, but the signal would have been harder to detect as the dye diffused. The strength of the velocity inversion was assessed from processed images and was categorized as 'no inversion', 'weak', 'moderate', or 'strong' (Figure 4) , depending on the maximum depth of the maximum dye concentration, normalized by the local depth (η maxc ; no inversion is <30%; weak is 30% to 45%; moderate is 45% to 60%; strong is >60%). Assessment of the strength of velocity inversions excluded dye profiles that were relatively uniform in concentration (where the maximum pixel intensity within a profile did not exceed 2× the minimum pixel intensity) and profiles that retained less than half the pixel intensity relative to the injection point.
Results
Channel morphology and discharge influenced the occurrence and strength of velocity inversions. Tables II and III summarize the mean flow and hydraulic conditions produced in response to the morphology and imposed discharges for all experimental runs using sills and constrictions, as well as a descriptor of the occurrence and strength of the plunging flow structure.
Effect of sill height
Dye pathways, showing the maximum dye concentration path, revealed that sills influenced the occurrence of velocity inversions when the sill height is larger than 18% to 20% of d 1 with all else held constant ( Figure 5 ). The sill that was 18% of d 1 did not produce plunging flow and the dye pathways remained at a near constant elevation. However, using the same flow conditions, sills that were 21%, 25%, and 28% of d 1 were successful in producing a moderate velocity inversion (Table II) . The path of maximum profile dye concentration follows along the bed and into the pool for sills ≥21% of the d 1 . Beyond~30 cm along the bed, the inversion ceases to exist and dye diffuses. A roller vortex formed at the toe of each sill during plunging flows, which was not observed in the prototype. For all experimental sill heights, η maxc increases asymptotically to between 50% and 55% of the depth (Figure 6(a) ). The Froude number for flow over the sill crests was always supercritical (Fr c ranged from 1.1 to 1.2) when plunging flow was produced, even though flow was subcritical upstream and downstream. Enhanced backwater with taller sills superelevated the water surface to a greater extent than smaller sills. This enhances downward flow over the lee side of the sill, successfully producing supercritical flow and a plunging flow structure. Preliminary observations in this investigation showed that strong plunging flow was possible using shorter sills with smaller discharges as long as the flow was supercritical. Reducing flow to get subcritical conditions over the sill did not produce plunging flows. Because we were unable to produce velocity inversions in subcritical flow conditions, we did not explore flow over the sills any further.
Effect of channel constriction
Channel constriction affects the occurrence and strength of velocity inversions into scour pools. Constrictions that occupy a greater proportion of the channel width yield stronger inversions. Dye pathways reveal that, with the exception of the 20% constriction, some form of plunging flow developed by laterally constricting the flow (Figure 6 (b)-(d); Figure 7 ). The reference condition for the constrictions (35% constriction and 15°scour pool entrance slope) produced a strong inversion (Table III; Figure 6(b)) and maximum dye concentration was located at 65% of the depth. Strong inversions were also produced using the 40% and 50% constrictions where maximum dye concentrations were located at 65% and 71% of the depth, respectively. A moderatestrength inversion was produced using the 30% constriction. . Dye concentration profiles of (a) no velocity inversion using a 20% constriction, (b) weak inversion using a 35% constriction, (c) moderate inversion using a 40% constriction, and (d) strong inversion using a 50% constriction. All panels show profiles with a 20 cm channel width, 10°pool entrance slope, and discharge of 6 L s À1 . [Colour figure can be viewed at wileyonlinelibrary.com]
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The increase in strength of velocity inversions with channel constriction was evident among all entrance bed slopes. Values of η maxc along the entrance slope or in the pool increased nonlinearly with the percentage constriction and may be approaching an asymptote (Figure 6(b)-(d) ), as observed for sills. For each occurrence of plunging flow, a vertical recirculation region developed at the water surface from the downstream end of the constrictions where flow depth was at a minimum (Figure 8(a) ). The recirculation region extended downstream above the scour pool entrance slope or above the horizontal plane of the scour pool. Observations of the recirculation zone were made by injecting dye at the water surface to see if it moved upstream over the pool. These observations were not sufficient to characterize its extent or strength, but did reveal its presence or absence. A recirculation region was absent when plunging flow was not produced. Lateral recirculation cells were also observed in the lee of the constrictions and were stronger with larger constrictions (Figure 8(b) ).
Effect of scour pool entrance slope Dye pathways reveal that the slope of the scour pool entrance does not influence the occurrence of velocity inversions (Figure 7) , at least within the range of experimental entrance slopes. Each experimental entrance slope for the 10 cm wide channel supported velocity inversions using constrictions of 30%, 35%, 40%, and 50% of the channel width but did not support velocity inversions using a 20% constriction (Table III) . The strength of the velocity inversions increased slightly with entrance slope (Figure 6 (b)-(d), Table III ). This effect was most apparent with the 30% constriction where the strength increases from weak at 5°to moderate at 10°and 15°entrance slopes. This also occurs for the 35% constriction where strength increases from moderate at 5°and 10°entrance slopes to strong at a 15°entrance slope. There does not appear to be any difference in the relation between η maxc and percentage constriction for different experimental entrance slopes (Figure 6(b)-(d) ). All increase towards an asymptote that is~60% of the flow depth, regardless of entrance slope.
Effect of discharge
Dye pathways reveal that discharge influences the occurrence of velocity inversions (Figure 9 ). In the 20 cm wide channel, a discharge of 3 L s À1 was only successful in producing weak velocity inversions with 40% and 50% of the channel width constricted and lesser constriction did not produce an inversion. A discharge of 6 L s À1 was successful in producing a weak velocity inversion with a 35% constriction, a moderate inversion with a 40% constriction, and a strong inversion with a 50% constriction (Table III; Figure 10 ). There is a substantial difference in the η maxc values between discharge levels. At a discharge of 3 L s À1 , the η maxc approaches an asymptote of 35%. At a discharge of 6 L s À1 , the η maxc appears to approach an asymptote of~70% but it is difficult to verify the asymptote with only one data point.
Effect of width-to-depth ratio
Dye pathways reveal that width-to-depth ratio (w/d 2 ), defined here by the full channel width and pool depth, had a subtle influence on the occurrence and strength of velocity inversions (compare Figure 6(c) and 10(b) ). The different width-to-depth ratios were established by maintaining a discharge per unit width of 0.03 cm 2 s À1 between the 10 cm (3 L s À1 ) and 20 cm (6 L s À1 ) wide channels, providing w/d 2 of 0.8 and 1.6, respectively. Velocity inversions were produced with 30% to 50% of the channel width constricted in the 10 cm wide channel, and with 35% to 50% of the channel width constricted in the 20 cm wide channel (Table III) . There is some pattern to the strength of plunging flow between the relatively narrow and wider channels (Figure 11 ). Stronger plunging flows occurred in the narrower channel for less constriction. For the 40% and 50% constrictions, the strength of plunging flow is similar (<5% difference in η maxc values; Figure 11(b) ). For the 30% and 35% constrictions, the strength of plunging flow was much greater in the relatively narrower channel (difference in η maxc values >20%; Figure 11(b) ). The flow did not plunge with the 20% constrictions.
Discussion

Characteristics of plunging flow and analogues
There are two analogues to the flows in the experiments that shed light on flow processes: flow in riffle-pool sequences and flow over submerged broad crested weirs. In some respects, the experiments resemble flow through riffle-pool sequences. There has been much debate in the literature over the past 45 years about the mechanisms for maintenance of riffle-pool morphologies that have centered on the 'velocityreversal hypothesis' (Keller, 1971; Clifford and Richards, 1992; MacWilliams et al., 2006) . The fundamental idea is that at low flows, velocities and shear stresses are larger over the riffle than the near-bed flow in the pool, which leads to deposition of fine sediment in the pool. At high flow, it is thought that this condition reverses so that flow is faster in the pool than over the riffle, evacuating deposited sediment. Tests of the hypothesis have not definitively rejected or confirmed the hypothesis. However, efforts to test the hypothesis have revealed that in convectively decelerating flow into a pool, flow converges along the centerline, even in the absence of any other perturbation to the flow (MacVicar and Rennie, 2012; . This produces a three-dimensional, secondary flow structure where there is downward directed flow along the channel centerline and upwelling along the sidewalls (MacVicar and Rennie, 2012) . Some recent work suggests that the concentration of flow may form weak plunging flow (see Figure 5 in . The reason flow concentrates along the centerline is not yet clear; however, the addition of a constriction at a pool head enhances flow concentration (Booker et al., 2001; Wilkinson et al., 2004; MacWilliams et al., 2006; Sawyer et al., 2010) . Thompson et al. (1996 Thompson et al. ( , 1998 Thompson et al. ( , 1999 have shown constrictions at the entrance of pools that are capable of forming lateral recirculation eddies are particularly effective at concentrating flow by reducing the effective cross-sectional area of downstream flow. Based on this analogue, we can infer that in our experiments, lateral constrictions produced flow convergence at the entrance of the canyon scour pool. Plunging flow occurred when there was sufficient convergence, causing downward-directed flow to be concentrated along the channel centreline into the scour pool. The water surface was depressed in the centre of the channel, which is consistent with flow convergence. Occurrences of plunging flow coincided with the presence of a vertical recirculation cell near the water surface. This recirculation cell reduced the effective cross-sectional area of downstream flow, and encouraged development of the inversions. Furthermore, comparison with the riffle-pool analogues would suggest that the occurrence and strength of plunging flow in our experiments was enhanced with channel morphologies that supported greater rates of convective deceleration into the pool, including sills that increasingly constricted the flow vertically with height (Figure 6(a) ), constrictions that occupied a greater proportion of the channel width (Figure 6(b)-(d) ), steeper entrance slopes (Figure 6(b)-(d) ), and smaller widthto-depth ratios (Figure 11 ). These findings suggest that the rate of convective deceleration into a pool, which is enhanced by accelerated flow through a constriction, controls the occurrence and strength of plunging flow. Overall, the flow dynamics dominant in alluvial riffle-pool channels appear to be the same as in the experimental bedrock canyons.
Another analogue to the velocity inversions in bedrock channels is flow over broad crested weirs (Escande, 1939; Tracy, 1957; Leutheusser and Birk, 1991; Fritz and Hager, 1998; Wang et al., 2010) , which locally accelerate flow and affect the downstream flow structure. Escande (1939) showed that when a flow is accelerated over a broad crested weir, there are four distinct types of flow regimes that may occur, depending on the elevation of the water surface downstream of a weir (tailwater depth) relative to the approach depth upstream of the weir. The four flow regimes include: (1) Type A, classic hydraulic jump with the water surface downstream of the weir below the weir crest level; (2) Type B, plunging jet flow with the main flow directed along the boundary with a surface roller vortex; (3) Type C, surface wave flow with the main flow along the free surface and a bottom recirculation zone; and (4) Type D, surface jet flow that is analogous to Type C flow and exhibits a nearly horizontal water surface. Type A flow always occurs when the downstream water level is less than the weir height (i.e. the weir is not submerged), and may occur as drownedout jumps in sloping channels where flow plunges into a downstream pool below a steep slope (Chow, 1959) . Alternatively, the downstream water level is greater than the weir height for Types B, C, and D flow regimes (see Escande, 1939; Figures 5 and 6 in Fritz and Hager, 1998; Wang et al., 2010) .
The different flow regimes can be distinguished using the relative submergence of the weir, typically defined as the ratio of flow depths upstream and downstream of the weir (cf. Escande, 1939; Fritz and Hager, 1998) . In our case there is no weir, but we can still calculate a metric that should predict the flow regimes as the ratio of flow depth upstream and downstream of the constriction, relative to the pool entrance elevation as: (Table II and III) . Notable exceptions were Runs S1, C1 (with y p values of 0.95 and 0.99 that exhibited no plunging flow), and Run C19 (y p value of 1.01 that did exhibit plunging flow). However, these values are very close to the threshold of 1 between Type B and C flow and likely within the measurement uncertainty. The similarities between our flows and the flow structure downstream of broad crested weirs are instructive; we may predict the occurrence of plunging flow structures by examining changes in water surface elevation and surface flow structure without the need for detailed flow observations.
Froude number effects on plunging flow
In our sill experiments, flow was always transcritical (Fr c~1 ) over the sill crest when a velocity inversion was produced (Table II) . In some of our constriction experiments, velocity inversions were produced when flow through the constriction crest was supercritical. Flow remained subcritical upstream of the constriction in all runs, ranging from 0.3 to 0.6 (Figure 12(a) ), but Froude numbers measured at the constriction crest ranged from 0.8 to 1.3 for constrictions that produced an inversion (Figure 12(b) ). A moderate positive relation (R = 0.70) was observed between the Froude number at the constriction crest (Fr c ) and strength of the inversion. This raises the question: does Froude number control plunging flow?
In the sill experiments, the strength of plunging flow increased with the Froude number. There may be a similar pattern in the constriction experiments, but the effect is not as clear. Greater Froude numbers at the constriction crest resulted in stronger inversions (Figure 12(b) ); however, there were some exceptions. For instance, supercritical flow did not produce a velocity inversion in Runs C11 and C21 where 20% of the channel was constricted. Furthermore, those runs with supercritical flow at the constriction crest yielded strong, moderate, and no velocity inversions. It is useful to note that subcritical flow at the constriction crest also yielded strong, moderate, weak, and no velocity inversions. This suggests that flow regime is not a primary determinant of whether plunging flows will occur in bedrock canyons.
Observations from the Fraser canyons do not support a Froude number control on plunging flows. Flows remained subcritical and did not exceed 0.3 in Iron Canyon (Table I) . This is typical in the Fraser canyons where velocity inversions are observed. The flume experiments may point to an alternative control on plunging flows. There is a strong correlation (R = À0.69) between the Froude number upstream of the constriction crest (Fr 1 ) and strength of the inversion. Smaller approach Froude numbers resulted in stronger inversions (Figure 12(a) ). With wider constrictions, there were more pronounced backwater effects in the flow approaching the constrictions, which super elevated the water surface (smaller y p values) and enhanced plunging flow. For example, the 50% constrictions produced the smallest approach Froude numbers despite having the strongest velocity inversions overall. Super-elevating the water surface upstream of a sill or constriction produces a plunging flow because flow must travel vertically downwards into the pool forming an impinging jet (cf. Kieffer, 1989) , which is analogous to the 'choke flow' phenomena in hydraulic engineering. For the same reason, plunging flow occurred for the higher discharges but not for the lower discharges in the 20 cm channel. Whether there is a similar discharge dependence on the occurrence of plunging flows in the Fraser canyons is not yet known.
Morphological controls on plunging flow
Plunging flow in the Fraser canyons occurred where width-todepth ratios were relatively small (Venditti et al., 2014) . For example in Iron Canyon, the mean width to mean depth ratio was 4.2 and the mean width to maximum pool depth ratio was 1.7. Narrower channels have stronger plunging flows because streamwise velocities decline more through constrictions, as is the case in narrower pools than in wider pools , due to differences in convective deceleration rates. In this investigation, the occurrence of velocity inversions was not affected by the width-to-depth ratio, but for flows that plunged the strength of the inversion was influenced by the channel width-to-depth ratio (Figure 11 ). The narrowest constrictions super-elevate the water surface to the same extent in both the relatively narrow and relatively wide channels, so strong plunging flow occurs. Less narrow constrictions do not super-elevate the flow as much and this is more evident in the relatively wide channel, resulting in weaker inversions in the relatively wide channel. The pattern suggests plunging flows would disappear at some critical width-to-depth ratio, as observed in the Fraser canyons (Venditti et al., 2014) .
Although the channel morphology used in this flume investigation is a simplified form of Iron Canyon (matching entrance slopes; d 1 /d 2 ; constricted at the top of the step), there are differences in the morphology that may have influenced flow processes. In the Fraser canyons, the plunging flow structures observed by Venditti et al. (2014) exhibited a complex 3D topology where upwelling occurred along the canyon walls to counterbalance the downward movement of flow into the scour pool, resulting in large-scale boils (up to tens of metres in diameter) at the surface. This structure did not appear in the experimental canyons. Instead, the flow was distinctly 2D
and there was compensating upstream flow at the water surface as is typical of Type B flow over a broad crested weir.
The lack of a 3D flow structure in the laboratory experiments represents a fundamental deviation from the flow structure topology observed in the field. The reason for this may be the differences in wall and bed roughness. There is no roughness in the laboratory experiments beyond the presence of the smooth wall and this may have conditioned the presence of the 2D flow structure topology. In the field, irregularity of channel width creates obstructions to downstream flow that were absent in the lab experiments. Variation in localised channel width may allow slower or upstream-moving flow to be directed along the channel walls in wider zones. Furthermore, the irregularity and granular roughness of natural rock walls enhances drag forces that can effectively decelerate flow into the scour pool. Greater roughness along the channel walls than the bed may direct flow along the centre of the channel, preventing upstream recirculation typically observed in Type B plunging flows. There is no roughness in the laboratory experiments beyond the presence of the smooth wall and this may have conditioned the presence of the 2D flow structure topology. Nonetheless, the 2D flow structure topology produced in this investigation represents the first successful reproduction of plunging flow using channel constriction upstream of a scour pool.
Implications for bedrock erosion
Plunging flows in canyons have the potential to influence bedrock erosion patterns because incision rates are driven by sediment impacting rock surfaces (cf. Sklar and Dietrich, 2004; Lamb et al., 2008; Chatanantavet and Parker, 2009) , which is controlled by the local near-bed velocity. Hancock et al. (1998) have shown that the effectiveness of channel incision mechanisms is sensitively dependent on flow conditions, in which incision rates scale non-linearly with mean velocity. A two-fold increase in mean velocity induced from either local channel narrowing or steepening can produce up to 10-fold increase in erosion rates (Hancock et al., 1998) . Velocity inversions can locally enhance the effectiveness of erosion even further because it increases the near-bed velocity, making near-bed velocity gradients steeper. This enhances local shear stresses. Venditti et al. (2014) showed a 3.6 times increase in local boundary shear stress resulting from plunging flow structures, relative to shear stress predicted from equations for uniform flow.
It is not yet clear how plunging flows affect the morphodynamic evolution of canyons. Plunging flows cause higher shear stresses along the entrance to pools. The observations would suggest that a constriction or sill that causes an upstream backwater and impinging jet could initiate the formation of a scour pool. We suspect that an existing scour pool will vertically incise until a depth is reached where the plunging flow structure dissipates or is unable to move deposited sediment at high flow, which would protect the bed. A scour pool may also migrate upstream under plunging flow, such as a submerged knickpoint, but the upstream limit to erosion may be ultimately set by the geological controls that created the sill or constriction in the first place. We would not expect the vertical, lateral and along stream incision rate to average out over a canyon to the value predicted by uniform flow parameterizations. Incision is driven by a highly non-uniform shear stress field and incision is a non-linear function of shear stress (Hancock et al., 1998; Sklar and Dietrich, 2004; Lamb et al., 2008; Chatanantavet and Parker, 2009 ).
The current generation of bedrock incision models include parameterizations of the flow that assume uniform flow conditions. As such, the non-uniform flow patterns observed in the Fraser canyons and in these experiments where plunging flow was produced are not represented. Morphodynamic modelling of bedrock rivers requires more realistic treatment of flow patterns to predict the erosion patterns responsible for the shape, width and depth of rock-bound rivers.
Conclusions
A phenomenological investigation was conducted to reproduce the non-uniform flow fields observed in the Fraser canyons, and to address the influence of morphological controls on the occurrence and relative strength of the plunging flow structure in bedrock canyons. Flume channel morphologies were based on a prototype model of Iron Canyon, where strong plunging flow was observed in reaches that had low width-todepth ratios and were laterally constrained. We investigated the occurrence and strength of plunging flow with sills and constrictions placed at the top of the scour pool entrance slope, using various sill heights, constriction widths, entrance slopes, width-to-depth ratios and discharge values.
The plunging flow phenomenon can be produced by a variety of different channel morphologies and flow conditions. The occurrence and strength of plunging flow appears to be a function of convective deceleration into a scour pool which can be enhanced by sills that increasingly constrict the flow vertically with height, constrictions that occupy a greater proportion of the channel width, steeper pool entrance slopes, smaller width-to-depth ratios, and greater discharge. The strength of plunging flow increases with constriction because greater constriction super-elevates the water surface upstream of the constriction, accelerating flow into the scour pool. Plunging flow can be produced in subcritical flows, but the strength of plunging flow increases with the Froude number through a constriction or over a sill. Supercritical flow over channel spanning sills is necessary to produce velocity inversions.
The high-velocity core induced by plunging flows greatly enhances the potential for incision to occur along the channel bed and is an extreme departure from the assumptions of steady, uniform flow in bedrock incision models. This highlights the need for improved fluid flow formulations. Further research is needed to quantify bed shear stresses and incision rates where plunging flow occurs, and improve incision models to account for this process where canyons are laterally constrained at the entrance to a scour pool.
